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In fish, axons that originate in the olfactory bulb innervate the retina and increase luminance sensitivity. In this
issue of Neuron, Esposti et al. (2013) investigate the mechanisms underlying this interaction to report
modulation of synaptic gain and sensitivity in OFF bipolar cells but rarely in ON bipolar cells.The existence and role of a centrifugal
pathway from higher visual centers back
to the retina have been controversial
issues since the end of the 19th century.
Dogiel and Cajal first described centrifu-
gal nerve axons projecting into the bird
retina in the 1880s using Golgi impregna-
tion, and since then centrifugal axons
have been identified in a number of other
nonmammalian species including fish
and amphibians. The existence of centrif-
ugal axons in the mammalian retina,
however, has long been disputed
(Repe´rant et al., 2006); the view ex-
pressed by many is that central effects
on visual responses are mediated at the
level of the lateral geniculate nucleus in
the thalamus and not by axons extending
into the retina.
Recent evidence has definitively shown
the existence of centrifugal axons
entering the mammalian retina, but the
number of such axons is exceptionally
small, probably explaining why their
existence was difficult to demonstrate.
In primates, including man, the number
given is no more than 25–30 such axons.
These axons and their terminals do,
however, spread widely across the retina,
contain both histamine and serotonin, and
are part of the arousal system that
projects axons to many brain areas (Gas-
tinger et al., 2005). The role of these cen-
trifugal axons is not well understood; they
are active when an animal is awake, but
they also appear to play a role regulating
blood vessels and blood flow in the retina.
In other retinas such as birds and fish,
the number of centrifugal axons is sub-
stantial—10,000 or more such axons in
the chicken, for example. In birds, the
origin of the axons has been identified
(isthmo-optic nucleus of the midbrain)
(Cowan and Powell, 1963), and their syn-
apses are found on cells in the amacrinecell layer of the inner nuclear layer (Dow-
ling and Cowan, 1966). In several species,
other origins of centrifugal axons entering
the retina have been identified. Of partic-
ular interest are the prominent centrifugal
axons entering the fish retina that origi-
nate in the olfactory bulb. These axons
also innervate many parts of the brain
like the centrifugal axons in primates
(Figure 1A), and they form the terminal
nerve (TN) (Zucker and Dowling, 1987).
That the TN has its origins in the olfactory
bulb immediately suggests a pathway for
interactions between the olfactory and
visual systems and the possible modula-
tion of visual input from the retina to the
rest of the brain by olfactory stimuli.
As in the bird, the TN fibers terminate in
the amacrine cell layer of the retina, on
specific cells that contain dopamine and
that have been termed interplexiform cells
(IPCs) because, unlike classic amacrine
cells, they extend processes in both the
inner and outer plexiform layers (Fig-
ure 1B) (Dowling and Ehinger, 1978).
Such cells are also present in mammalian
retinas, differing from fish IPCs in the
number of their processes extending into
the outer plexiform layer (OPL). Most of
the output synapses of the IPCs are found
in the OPL, on horizontal cells (Figure 1B),
but synapses on bipolar cell dendrites are
also seen. The TN axons contain two
neuropeptides, gonadotropin hormone
releasing hormone-like (GnRH) and
FMRFamide-like peptides (Stell et al.,
1984). GnRH appears to release dopa-
mine from the IPCs in fish, whereas
FMRFamide may decrease DA release
by suppressing the effects of GnRH on
dopamine release under certain condi-
tions (Umino and Dowling, 1991).
Dopamine is a ubiquitous neuromodu-
lator in the retina that alters both electrical
and chemical synapses, including rod toNeucone, horizontal to horizontal, amacrine
to amacrine, and amacrine to ganglion
cell electrical synapses, along with
enhancing ionic currents through gluta-
mate channels found on horizontal and
bipolar cells. In addition, dopamine has
been shown to affect both Ca2+ and Na+
currents in ganglion and bipolar cells. As
in many places in nervous systems, dopa-
mine exerts these effects through a cyclic
AMP and protein kinase A (PKA) cascade
(Dowling, 2012).
To return to the question of possible
olfactory modulation of visual signals,
Maaswinkel and Li (2003) showed that
exposing zebrafish to various amino acids
increased their visual sensitivity as
measured both behaviorally and via the
electroretinogram, a field potential that
originates in photoreceptor and bipolar
cells of the outer retina. Of the amino
acids tested, methionine was the most
effective in terms of sensitivity and effect
magnitude. Both lesioning the olfactory
bulb and destroying the IPCs with
6-hydroxydopamine (6-OH DA) resulted
in loss of the effects of olfactory stimula-
tion on visual sensitivity measured behav-
iorally, providing evidence that the effects
induced by olfactory stimulation are
mediated by the TN, IPCs, and dopamine.
Subsequently, Huang et al. (2005)
showed that olfactory stimulation by
methionine modulates retinal ganglion
cell activity in zebrafish, and this modula-
tion is blocked by a dopamine receptor
antagonist. Further, they showed that
dopamine inhibits activity in most gan-
glion cells, although in some cells it
increased activity. They further showed
that olfactory stimulation with methionine
decreases vitreal dopamine concentra-
tions as well as voltage- and ligand-
sensitive Ca2 currents in ganglion cells.
These results suggest that olfactoryron 79, July 10, 2013 ª2013 Elsevier Inc. 1
Figure 1. A Summary Diagram of the Origins and Synaptic
Connections of the Olfactoretinalis-Dopaminergic Interplexiform
Cell System in Fish
(A) The cell bodies of the olfactoretinalis terminal nerve (TN) are located bilat-
erally near the midline at the base of the olfactory bulb, where they send out
processes toward the olfactory epithelium and bulb, as well as the telenceph-
alon and optic tectum. TN axons decussate to the contralateral side, where
they enter the optic nerve and project into the retina.
(B) In the retina, TN centrifugal axons (solid black) ramify in the most distal part
of the inner plexiform layer and make extensive synaptic contacts onto the
perikarya and proximal dendrites of dopaminergic interplexiform cells
(stippled). Dopaminergic interplexiform cells provide extensive synaptic input
to horizontal cells, some synaptic input to bipolar cell dendrites in the outer
plexiform layer, and to amacrine cells in the inner plexiform layer. The inter-
plexiform cells themselves receive synaptic input from amacrine cells. From
Zucker and Dowling (1987) with permission.
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activity, although it is possible
that these effects on ganglion
cells could be mediated by
TN fibers synapsing on inhib-
itory GABAergic amacrine
cells, for which there is some
evidence.
Clearly the circuitry and
mechanisms underlying the
effects of olfactory stimula-
tion on retinal responses are
complex and not well under-
stood. The paper by Esposti
et al. (2013) in this issue of
Neuron is thus very welcome
and substantially advances
the story. It certainly does
not answer all the puzzles
but brings our understanding
to a new level. Using zebra-
fish, they monitored the activ-
ity of bipolar cells in intact
zebrafish by imaging Ca2+
signals. Esposti et al. (2013)
found that methionine re-
duced the gain but increased
the sensitivity of mainly OFF
bipolar cells. A few ON
bipolar cells were potentiated
by olfactory stimulation, but
these were the exception
(10%). Esposti et al. (2013)
demonstrate that these ef-
fects are mediated by dopa-
mine by showing that the
effects they observe, like
other effects of olfactory
stimulation on visual phe-
nomena in zebrafish (Maas-
winkel and Li, 2003; Huang
et al., 2005), are mediated by
the TNmodulating the release
of dopamine from the IPCs.
Many questions remain.
Why do the ON and OFF
bipolar cells respond so dif-
ferently to olfactory stimula-
tion? Both have dopamine
receptors, as was demon-
strated by experiments that
Esposti et al. (2013) carried
out using a dopamine ago-
nist. Do the ON and OFF
pathways have different sen-
sitivities to DA receptors asEsposti et al. (2013) suggest? Another
question is the effect of circadian rhythms2 Neuron 79, July 10, 2013 ª2013 Elsevier Inon the bipolar cell responses. All of the
present experiments were carried out inc.the morning, following after
the results of Maaswinkel
and Li (2003), who showed a
strong effect of olfactory
stimulation in early morning
hours when the circadian
clock depresses visual sensi-
tivity but not later in the day
when visual sensitivity is
maximal (Li and Dowling,
1998). Does the same phe-
nomenon happen with the
bipolar cell responses? And
finally, whereas the present
and past experiments provide
convincing evidence for func-
tional olfactory-visual system
interaction, what is its behav-
ioral significance? The termi-
nal nerve has long been
implicated in reproductive
behavior as well arousal and
motivational states. Does the
TN innervation of the retina
possibly relate to these or
other behaviors? Although
seemingly far-fetched, one
suggestion as to how the TN
could affect reproductive
behavior is by enhancing
color contrast in retinal cells
(Walker and Stell, 1986), and
fish use color to identify
members of the opposite
sex. Some evidence in favor
of this idea comes from the
observations that the effects
of GnRH and FMRFamide on
retinal activity vary depending
on the season; their effects
are weaker during periods of
sexual inactivity (Stell et al.,
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Recognizing when the world changes is fundamental for normal learning. In this issue of Neuron, Bradfield
et al. (2013) show that cholinergic interneurons in dorsomedial striatum are critical to the process whereby
new states of the world are appropriately registered and retrieved during associative learning.Recognizing when the world has
changed—and when it has not—is a
fundamental yet much ignored compo-
nent of associative learning. Imagine relo-
cating to Sydney, Australia. While much
there might be familiar, one prominent
difference is of life-or-death import: the
cars come from the right. If you don’t learn
to look right-left-right before crossing,
your visitmightbequite short.On theother
hand, since you plan to venture to proper-
side-of-the-road-driving countries period-
ically, it would behoove you to also main-
tain your previous left-right-left behavior,
applying thatwhenappropriate.Optimally,
rather than overwriting your original strat-
egy for crossing the street, upon experi-
encing the strange driving habits in your
new hometown, you would form a new
‘‘state’’ of ‘‘I am in Sydney’’ and learn
new mappings from actions to goals
(‘‘policies’’ in the jargon of reinforcement
learning, ‘‘action-outcome associations’’in terms of learning theory) relevant to
that state. Linking these learned policies
to the new state would, conveniently, pro-
tect the old policies linked to the old state
from being overwritten, so that behavior
could be modified quickly if the old state
were to reappear.
As this example illustrates, appropriate
recognition of when to form new states to
which to attach information is vital to
adaptive behavior. In this issue of Neuron,
Bradfield and colleagues (Bradfield et al.,
2013) use a series of complex yet highly
controlled behavioral manipulations to
show that input fromapart of the thalamus,
the parafascicular nucleus, onto cholin-
ergic interneurons in the posterior com-
partment of the dorsomedial striatum
(pDMS), is critical to the appropriate crea-
tion of new states during learning. Note
that we use ‘‘state’’ here to refer to a high-
order representation of the environment in
which actions are being chosen—a notionthat encompasses the animal learning
theory terms of ‘‘context,’’ ‘‘discriminative
stimulus,’’ and ‘‘occasion setter’’ as well
as the statistical learning theory term
‘‘latent cause’’ (Gershman and Niv, 2010),
but is different from common usage of the
term in reinforcement learning.
In the first phase of training, Bradfield
et al. (2013) taught rats to associate two
levers with two different, but equally
valued, rewards (pellets or sucrose). Sati-
ating the rats on one of the two outcomes
(a so-called ‘‘devaluation test’’) selec-
tively reduced responding on the lever
leading to that outcome and not on the
lever leading to the other outcome.
Notably, this was the case both for intact
rats and for rats in which cholinergic
signaling in the pDMS, an area previously
shown to be necessary for goal-directed
behavior (Yin et al., 2005), was disrup-
ted via several different manipulations
(Figure 1, left). This intact initial learning,ron 79, July 10, 2013 ª2013 Elsevier Inc. 3
